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ABSTRACT 
Renaturation of pea (Pisum sativum) DNA has been used to estimate 
the size of the pea genome and the fraction of pea DNA containing 
repeated DNA sequences. Pea DNA renaturation and single copy tracer 
renaturation indicate that the size of the pea genome is 0.5 picograms. 
More than 70%o f pea DNA sequences are repeated from 100 to 5,000 
times. 
In the past few years, substantial data on the organization of 
repeated and single copy sequences in animal DNAs have been 
accumulated. There have been relatively few studies on DNA 
sequence organization in plants. Most of the plants studied, in- 
cluding cotton (14), wheat, rye, and barley (11), tobacco (16), and 
peas (12) have a large repetitive fraction (40-70% repeated se- 
quences) while the single copy sequence lengths are 1,000 to 3,000 
nucleotides long (1 1, 14, 16), similar to most of the animal genomes 
(5). The distributions of long and short (300-nucleotide) repeated 
sequences pattern seen in most animals have been found in 
tobacco and peas but the repeated sequences of the cotton genome 
(14) are longer than 1,000 nucleotides in length. 
We have measured the fraction of repetitive and single copy 
DNA in the pea genome. Our measurements on the single copy 
rate of reassociation suggest that the size of the pea genome is 
substantially smaller than previous reports (1, 9, 12, 13). More 
than 70% of the DNA sequences in the pea are repeated with an 
average of about 500-fold and the rate constant for the single copy 
reassociation is 0.00215, corresponding to a genome size of 0.5 pg 
according to our best estimates. 
MATERIALS AND METHODS 
Isolation of Crude Chromatin from Pea Embryos. Alaskan peas 
(45.3 kg) (Pisum sativum) were germinated for 3 days. Pea embryos 
(10.42 kg) were isolated using a system for large scale preparation 
of pea embryo tissue. Embryos were stored at -20 C. 
For preparation of crude chromatin, 1.8 kg of frozen embryos 
were homogenized in a 1-gallon Waring Blendor in 0.25 M sucrose, 
50 mM Tris (pH 8), 1 mM MgCl2, and centrifuged at 5,000g in a 
Sorvall GSA rotor for 30 min. The crude nuclear pellet was 
separated from a starch pellet, resuspended in grinding buffer, 
and centrifuged at 10,000g for 15 min. The nuclear pellet was 
again separated from the starch pellet, resuspended in 50 mm Tris 
(pH 8), and centrifuged at 10,000g for 20. 
Isolation of DNA. The crude chromatin pellet was suspended 
in 0.1 M Tris, 0.1 M EDTA (pH 8.5) and SDS added to 1%. The 
viscous mixture was brought to 37 C and incubated with 50 tig/ml 
of pronase (Calbiochem grade B) until the DNA went into solu- 
tion. The DNA was extracted twice with a mixture of phenol- 
chloroform-isoamyl alcohol (25:24:1) and extracted twice with 
chloroform-isoamyl alcohol (24:1). The DNA was then precipi- 
tated at room temperature in 2.5 volume of 95% ethanol and 
allowed to dissolve overnight in 0.05 M Tris, 0.01 M EDTA (pH 
8.5). 
Once in solution, the DNA was digested with RNase A (prein- 
cubated for 10 min at 95 C) at 50 [ig/ml for 90 min at 37 C and 
digested with 200 yIg/ml of pronase (preincubated for 45 min at 
37 C) for 90 min at 37 C. The DNA was then extracted with 
chloroform-isoamyl alcohol (24:1) three times and reprecipitated 
with ethanol. The DNA was redissolved and reprecipitated with 
ethanol. 
The DNA was sheared to an average 350 nucleotides by three 
passes through a French pressure cell at 50 000 p.s.i. and passed 
over Chelex-100 (Bio-Rad) before renaturation. 
Preparation of "25I-labeled DNA. Pea DNA (350 nucleotides) 
was incubated to Cot 400 and the single strand fraction (15%) 
isolated on HAP.2 This material was concentrated and labeled 
with 1251 using a modified Commerford (4) procedure (6). 
Renaturation of DNA. DNA fragments were denatured at 100 C 
and renatured in 0.12 M Na-phosphate buffer (pH 6.8) at 60 C 
and 70 C and in 0.48 M PB at 71 C and 81 C. Samples were then 
diluted to 0.03 M PB and passed over HAP at 60 C to check for 
degradation. Samples with more than 10% of the DNA not binding 
to HAP in 0.03 M PB were discarded. The single strand fraction 
was then eluted with 0.12 M PB and the double strand fraction 
denatured at 100 C and eluted with 0.12 M PB. 
Optical renaturation was carried out in a Gilford 2400 spectro- 
photometer equipped with a water-jacketed sample compartment. 
Samples were denatured, loaded into the sample compartment, 
and the decrease in hyperchromicity monitored. 
Renaturation of 125I-labeled DNA was carried out in 0.12 M PB 
at 60 C and in 0.48 M PB at 65 C. After renaturation, samples were 
diluted to 0.12 M PB and passed over HAP in 0.12 M PB. The 
double strand fraction was eluted with 0.4 M PB. The renaturation 
of the driver DNA was followed optically; the fraction of the 125I 
tracer in hybrid was measured by trichloroacetic acid precipitation 
of the HAP fractions. 
Fits of second order components to the data were calculated 
using a nonlinear least squares computer program (10). 
RESULTS 
We have used three renaturation assays to determine the frac- 
tion of single copy and the single copy rate constant in the pea 
genome. HAP binding and decrease in hyperchromicity assays of 
total pea DNA provide measures of the single copy fraction and 
rate. In addition, a slowly renaturing fraction has been isolated 
and labeled to search for a small fraction, high complexity com- 
ponent. The renaturations of total DNA were carried out at 
1 This work was supported in part by United States Public Health 
Service Training Grant GM00086 and in Research Grants GM 13762 and 
(ThLlflnA'7 
2 Abbreviations: PB: 0.12 M Na-phosphate buffer (pH 6.8); HAP: hy- 
droxyapatite; Cot: initial concentration of DNA in mol of nucleotide/liter 
multiplied by time in sec. 
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standard criterion (60 C, 0.12 M PB) and at a higher criterion 
(70 C, 0.12 for HAP assay, 66 C, 0.12 for optical assay) to look for 
repetitive fractions caused by very poorly matched sequences. 
HAP Cot Curves. Figure 1, A and B shows the renaturation of 
350-nucleotide-long pea DNA fragments at 60 C and 70 C. The 
60 C (Tm - 25 C) incubations were carried out at 60 C in 0.12 M 
PB (0.18 M Na') and at 71 C for 0.41 M PB (2). The 70 C (Tm - 
15 C) curve was carried out at 70 C for 0.12 M PB and 81 C for 
0.41 M PB. The higher temperatures were used to correct for the 
higher melting temperature of DNA in 0.41 M salt. 
Table I, A and B presents the results of a variety of least squares 
fits to the data. The tables start with the results of an unconstrained 
fit. This is the "best fit" possible for the data. The second fits show 
the results when the single copy rate from the renaturation at one 
temperature is forced on the Cot curve at the other temperature. 
This calculation gives another measure of the real difference 
between the slow component rates at the different temperatures. 
If the rate constant from the fit of one set of data can be fit to 
another set of data with little change in the quality of the fit 
(measured by the goodness of fit criterion) the data are not 
substantially different. These fits suggest the difference between 
the 60 C and 70 C Cot curves are not significant. 
A third set of fits is included to test for a small fraction of 
sequences renaturing at rate of 0.0004 liter-sec/mol with a Cot Y2 
of 2500. These fits indicate that our measurements cannot exclude 
the possibility of a very slowly renaturing fraction. The dashed 
lines in Figure 1, A and B show how this hypothetical component 
would renature. 
From both of these measurements it appears that about 60% of 
pea DNA is repetitive with an average Cot Y2 of 1 and another 
25% is less repetitive, with a Cot Y2 of 350 corresponding to a 
genome size of 0.39 pg. There is not a substantial difference 
between the renaturation at 60 C and at 70 C. 
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FIG. 1. Renaturation of peas DNA measured by HAP binding. Dena- 
tured 350-nucleotide pea DNA was renatured in 0.12 M PB and 0.41 M PB 
at 60 C and 71 C (Tm - 25 C) or 70 C and 81 C (Tm - 15 C), respectively. 
The single-stranded fraction was determined by HAP chromatography. 
Equivalent Cot is the Cot (mol/liter-sec) times salt concentration factors 
of 1 for 0.12 M PB incubations and 5 for 0.41 M PB incubations (2). Solid 
lines plotted show the best least squares fit to the data. Dashed lines show 
the contribution of a component with a rate of 0.0004 liter-sec/mol. A: 
renaturation at Tm -25 C; B: renaturation at Tm -15 C. 
TABLE I 
RENATURATION OF 350 NUCLEOTIDE PEA DNA FRAGMENTS AT 60 C AND 
70 C RENATURATION MEASURED BY HYDROXYAPATITE BINDING 
Component Fraction Rate Cot 1/2 Repetition 
frequency 
A. Unconstrained fits: (no parameters fixed) 
1 0.114 >50 0.02 >20 000 
60 C 2 0.583 0.399 2.51 138 
(Tm-25 C) (+0.046) (+0.128) 
3 0.160 0.00288 347 1 
(-0.043) (+0.00315) 
Final fraction unreacted: 0.143 + 0.029 
1 0 184 >50 0.02 >20 000 
70 C 2 0.411 0.452 2.21 148 
(Tm-15 C) (+0.043) (+0.174) 
3 0.220 0.00305 328 1 
(+0.044) (+0.00202) 
Final fraction unreacted: 0.185 + 0.015 
B. Constrained fit: (single copy rate from reaction at one temperature used 
to fit reaction at the other temperature) 
1 0.113 >50 0.02 >20 000 
60 C 2 0.581 0.403 2.48 132 
(Tm-25 C) (+0.034) (+0.108) 
3 0.161 0.00305 328 1 
(+0.039) 
Final fraction unreacted: 0.145 + 0.018 
1 0.184 >50 0.02 >20 000 
70 C 2 0.414 0.443 2.25 154 
(Tm-15 C) (+0.029) (+0.130) 
3 0.217 0.00288 347 1 
(+0.031) 
Final fraction unreacted: 0.185 + 0.013 
C. Constrained fit: (three fitted components single copy component with 
rate 0. 0004) 
1 0.0650 >50 0.02 >125 000 
2 0.282 2.74 0.365 6850 
(+0.108) (+2.79) 
60 C 3 0.428 0.100 10 250 
(T m-25 C) (+0.111) (+0.057) 
4 0.116 0.00040 2500 1 
(+0.050) 
Final fraction unreacted: 0.109 + 0.033 
1 0.179 >50 0.02 >125 000 
2 0.382 0.547 1.83 1367 
(+0.070) (+0.296) 
70 C 3 0.172 0.0103 97 26 
(Tm-is C) (+0.073) (+0.0166) 
4 0.096 0.00040 2500 1 
(+0.084) 
Final fraction unreacted: 0.171 + 0.022 
Optical Cot Curves. HAP fractionation measures the formation 
of duplex-containing complexes. Strands containing duplexes 
longer than 20 to 40 nucleotides are retained on HAP although a 
large fraction of the retained strands may be single-stranded. 
Repeated sequences 300 nucleotides long separated by single copy 
sequences of equal length would cause the amount of DNA bound 
to HAP to be twice the actual amount of repetitive sequences. 
Optical renaturation-measuring the fraction duplex by rena- 
turing the DNA in a spectrophotometer-measures the true du- 
plex fraction in the DNA. Single strand ends of duplexed mole- 
cules contribute no more to the hyperchromicity measurement 
than unduplexed single strand molecules. 
Figure 2, A and B displays the renaturation of pea DNA at 60 
C and 66 C in the spectrophotometer. These curves show the same 
large repetitive fraction seen in the HAP Cot curves. In these 
curves it is about 70%. Again, a number of multicomponent curves 
were fit to the data. Table II, A and B shows the results of these 
fits. The first fit for each set of data is the best unconstrained two- 
component fit. The second fit includes an additional slow com- 
ponent with a Cot 1/2 of 5,000 which corresponds to a 3- to 5-pg 
genome size. 
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FIG. 2. Optical renaturation of pea DNA. Pea DNA fragments (350- 
nucleotide) were denatured and renatured in a water-jacketed spectropho- 
tometer chamber. Samples were incubated in 0.12 M PB and 0.41 M PB at 
60 C and 71 C and in 0.12 M PB at 66 C. Fraction DNA reacted is the 
fraction of hyperchromicity lost after renaturation. Equivalent Cot was 
calculated as in Figure 1. Solid lines plotted show the results of the best 
least squares fits to the data. Dashed lines show the contribution of a 
component renaturing with a rate of 0.0002 liter-sec/mol. A: renaturation 
at Tm - 25 C; B: renaturation at Tm - 19 C. 
A comparison of these data with the HAP Cot curves indicates 
that the rate constants for the components are not significantly 
different. 
Renaturation of Labeled Slowly Renaturing DNA. Both types 
of renaturation curves which we have done suggest that there are 
two major components in the pea genome. The slow component 
reanneals quite rapidly, about 10 times faster than that expected 
from the 5-pg genome size predicted from a nuclear DNA content 
of 9.7 pg (1). Because of the poor termination data and small 
fraction of the DNA in the complex component it is difficult to 
rule out a minor component at HAP curves with a Cot ?2 of 2,500. 
We have increased the sensitivity of our measurement more 
than 4-fold by isolating a slowly renaturing fraction of the genome, 
labeling it in vitro with 1251 and driving that tracer with whole-pea 
DNA. Pea DNA was renatured to Cot 400 and the single strand 
fraction separated on HAP. This material was labeled with 1251 
using the Commerford (4, 6) procedure and driven by whole 
unlabeled DNA. Fifteen per cent of the DNA was isolated and 
labeled for this experiment so a 10% single copy fraction in whole 
DNA should appear as more than 50% of the DNA after the 
purification. The renaturation curve in Figure 3 (Table III shows 
the results of the unconstrained fit) does not indicate any com- 
ponent with a Cot ?2 greater than 500. 
DISCUSSION 
These measurements are all in good agreement as to the fraction 
of the genome in the repetitive component. The HAP Cot curves 
suggest that at least 60% of the DNA is repetitive while the optical 
Cot curves indicate that about 70% is repetitive. Both curves show 
the same kinetic components. The fast components are centered 
at Cot 1, the slow component around Cot 500. The renaturation 
of the isolated slow component DNA driven by unfractionated 
pea DNA shows the same slow component. 
The conclusion that about 60% or more of the DNA sequences 
in the pea genome are repeated is a strong one. Changes in the 
incubation temperature which should melt poorly matched du- 
plexes do not alter the renaturation curve. The large fraction 
TABLE II 
RENATURATION OF PEA DNA FRAGMENTS AT 60 C and 66 C 
RENATURATION MEASURED OPTICALLY 
Component Fraction Rate Cot 1/2 Repetition 
frequency 
A. Unconstrained fit: (no parameters fixed) 
1 0.261 6.70 0.15 3800 
(+0.181) (+12.9) 
60 C 2 0.414 0.167 6.0 95 
(T m-25 C) (+0.051) (+0.046) 
3 0.295 0.00176 568.2 1 
(+0 .0 1 6) (+0 .00040 ) 
Final fraction unreacted: 0.122 + 0.017 
1 0.071 >100 0.01 >100 000 
2 0.423 1.08 0.926 1030 
(+0.0112) (+0.078) 
66 C 3 0.246 0.0467 21.41 45 
(T m-19 C) (+0.010) (+0.0075) 
4 0.214 0.00104 961.5 1 
(+0.015) (+0.00031) 
Final fraction unreacted: 0.046 + 0.022 
B. Constrained fit: (single copy rate fixed at 0.0002 liter-sec/mole) 
1 0.067 >10 <0.1 >50 000 
2 0.465 0.323 3.10 1600 
(+0.017) (+0.046) 
60 C 3 0.229 0.00551 181.5 27.6 
(Tm -25 C) (+0.016) (+0.00163) 
4 0.219 0.0002a 5000 1 
(+0. 016) 
Final fraction unreacted: 0.020a 
1 0.087 >100 <0.01 >500 000 
2 0.482 0.752 1.33 3760 
(+0.007) (+0.042) 
66 C 3 0.259 0.0134 75 66.7 
(Tm-19 C) (+0.007) (+0.0014) 
4 0.152 0.0002a 5000 1 
(+0.005) 
Final fraction unreacted: 0 . 0200 
aThese values were fixed to allow the program to do the fit. 
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FIG. 3. Renaturation of '25I labeled single copy pea DNA. A fraction 
of pea DNA (15%) enriched in single copy sequences was isolated and 
labeled as described in the text. This labeled fraction was driven by a 
5,000-fold excess of unfractionated pea DNA to the equivalent Cots 
shown. The renaturation of the driver DNA (not shown) and 1251 single 
copy tracer was measured after fractionation on hydroxyapatite. The solid 
line shows the best least squares fit with the components described in 
Table III. (3) fraction of 125I DNA in duplex. 
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TABLE III 
RENATURATION OF 125i LABELED SLOWLY RENATURING PEA DNA 
Component Fraction Rate Cot 1/2 Repetition 
frequency 
1 0.109 0.463 2.16 215 
(+0.051) (+0.972) 
2 0.580 0.00215 465 l 
(+0.053) (+0t.00082) 
Final fraction unreacted: 0.263 + 0.044 
repetitive is really due to duplexed DNA, not to single strand tails 
or closely spaced duplexes. We are therefore confident that the 
fraction of repeated sequences we have determined is correct. 
There is also good agreement on the Cot ?2 of the slowly 
renaturing complex component-about 450. If this slow compo- 
nent represents the single copy DNA of the pea its genome size is 
about 0.5 pg. Unfortunately it is difficult to be certain that the 
final fraction unreacted does not contain a more slowly renaturing 
component. Ten per cent of the DNA could easily be renaturing 
but hidden in the final unreacted fraction of either HAP Cot curve 
or the optical Cot curves. The renaturation experiment displayed 
in Figure 3 sets an upper limit on the fraction of this hypothetical 
very slow component below 5% of the pea genome. 
Similar discrepancies have been also found in the cotton (14) 
and tobacco (16) genomes. Thompson (12) has reported a 15 to 
20% slowly renaturing component of pea DNA in 4 M NaCl04- 
0.18 M Na phosphate buffer with a Cot 1 Y2rate which is consistent 
with a genome size of 5 pg when corrected for the accelerating 
effect of NaClO4. However, Walbot and Goldberg (15) have also 
reported a Cot 1 V2of 500 for the slowest component of pea DNA 
under standard conditions (0.12 M PB, 60 C). We believe that the 
true size of the pea genome is 5 x 108 base pairs. This is in contrast 
to the 5 x 109 base pairs/genome based on the chemical deter- 
mination of DNA in nuclei isolated from pea seedling stem tips 
(1) or root tips (9, 13). We now know (8) that the majority of stem 
cells of the pea are 4X to 16X polyploid. Walbot and Dure (14) 
made a similar discovery on measuring the kinetics of reassocia- 
tion of cotton DNA. We believe that the complexity measured 
from the rate of renaturation of single copy DNA (3, 7) provides 
a more accurate value for the genome size. 
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